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We present a theory predicting how the linear magnetotransport of a two-dimensional electron
gas is modified by a passive electromagnetic cavity resonator where no real photons are injected nor
created. For a cavity photon mode with in-plane linear polarization, the dc bulk magnetoresistivity
of the 2D electron gas is anisotropic. In the regime of high filling factors of the Landau levels, the
envelope of the Shubnikov-de Haas oscillations is profoundly modified and the resistivity can be
increased or reduced depending on the system parameters. In the limit of low magnetic fields, the
resistivity along the cavity-mode polarization direction is enhanced in the ultrastrong light-matter
coupling regime. Our work shows the crucial role of virtual polariton excitations in controlling the
dc charge transport properties of cavity-embedded systems.
I. INTRODUCTION
The physics of strong light-matter coupling has been
attracting the interest of a large community thanks to
the manipulation of quantum states in cavity [1, 2] and
circuit QED [3, 4], as well as for the control of linear and
nonlinear optical properties in polaritonic systems [5].
During the last decade, there has been a consider-
able interest in the idea of using light to manipulate
the electronic properties of materials, particularly for
light-induced superconductivity [6, 7]. This is a promis-
ing area of research because it can help to understand
better the electronic properties of exotic materials and
give rise to new device functionalities. More recently, a
new frontier is opening up around the following general
problem: is it possible to control the electronic transport
properties of materials embedded in electromagnetic cav-
ity resonators without injecting real photons? In other
words, is it possible to have a vacuum-controlled trans-
port of materials? Recently, experiments have suggested
that electron transport can be modified due to the strong
light-matter coupling in disordered molecular films embed-
ded in metallic optical resonators [8, 9] without shining
light. A theoretical analysis of these complex systems
has been based on simplified models describing a one-
dimensional chain of two-level systems coupled to a cavity
photon mode and studying exciton transport [10, 11]
and charge conduction [12]. Other works have studied
cavity-mediated superconductivity [13].The field is in its
infancy and many questions remain open on the possi-
bility of modifying the electronic transport via passive
cavity resonators.
A promising platform to explore and understand the
effects of vacuum fields on electronic transport are cavity-
embedded semiconductor 2D electron gas (2DEG) sys-
tems. In presence of a perpendicular magnetic field,
the inter-Landau-level cyclotron transition can be ultra-
strongly coupled to a confined photon mode, meaning that
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the collective light-matter coupling can become compara-
ble or larger than the confined photon mode and cyclotron
frequencies [14], as demonstrated by several remarkable
experiments [15–22]. The magnetotransport of a bare
high-mobility 2DEG displays a rich phenomenology: for
relatively-low magnetic fields, the bulk Drude-like longi-
tudinal magnetoresistivity exhibits Shubnikov-de Haas
oscillations [23]; for high magnetic fields, the bulk be-
comes an insulator and the transport is dominated by
the edge states with the emergence of the quantum Hall
effects [24]. Recent experiments [22] have shown that the
dc magnetotransport of a 2DEG can be significantly mod-
ified when the system is embedded in an electromagnetic
cavity resonator.
In this article we present a theory revealing the cavity-
controlled linear magnetotransport of a 2DEG in the dc
regime where no real photon is injected nor created. In
Sec. II, we present the model Hamiltonian, consider the
current operators and determine the magnetoconductivity
tensor via a linear response Kubo approach, consistently
including the diamagnetic current contribution associ-
ated to the cavity mode, which is assumed to have an
in-plane linear polarization. In Sec. III, we discuss the
main results. Finally, we draw our conclusions and future
perspectives in Sec. IV. In Appendix A we give some de-
tails of the calculations with some technical intermediate
results.
II. THEORETICAL FRAMEWORK
A. Hamiltonian and current operators
Let us start by introducing the light-matter Hamilto-
nian describing a 2DEG coupled to a cavity mode in the
presence of a perpendicular magnetic field B:
Hˆlm = ~ωcav aˆ†aˆ+
∑
i
1
2m?
(
pˆi + eAˆi
)2
, (1)
being aˆ† the creation operator of a cavity photon in the
considered mode of frequency ωcav, e the electron charge
and m? the effective electron mass. The sum runs over
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2all the electrons, being pˆi the momentum operator for
the i-th electron and Aˆi the electromagnetic vector po-
tential operator at its position. We choose a gauge for
the electromagnetic field with zero scalar potential and
vector potential
Aˆi = {A0(aˆ+ aˆ†);Bxˆi; 0}, (2)
giving a static magnetic field B perpendicular to the plane
and an electric field operator Eˆx,cav = iωcavA0
(
aˆ− aˆ†)
[25, 26]. Hence, we are considering a spatially-uniform
cavity mode polarized along x in the region where the
2DEG is located. This is an excellent approximation
for what experimentally achieved using metamaterial res-
onators [15, 16, 18, 22, 27]. In the following, we will
consider a 2DEG living on a rectangular area A = LxLy
with periodic boundary conditions along the y direction.
A sketch of the system is presented in Fig. 1(a). The
single-electron eigenstates for A0 = 0 correspond to the
Landau levels, with eigenfunctions ψnκ(x, y) [cf. Eq. (A1)
in App. A] and energies Enκ = (n~ωcyc + 1/2), depend-
ing on the cyclotron frequency ωcyc = eB/m? and the
magnetic length `cyc =
√
~/(eB). The quantum num-
ber n is a non-negative integer, while κ is an integer
such that |κ| < A/(4pi`2cyc). Each level has degeneracy
Ndeg = A/(2pi`2cyc). In the following, we will omit the
spin degrees of freedom (we consider magnetic fields where
the Zeeman splitting can be neglected).
In the framework of second quantization, we introduce
the fermionic operator cˆ†nκ (cˆnκ) which creates (annihi-
lates) an electron in the single-particle state |nκ〉. It is
convenient to introduce the collective excitation operator
bˆ† = 1√Ne
n6=0∑
nκ
√
n cˆ†nκcˆn−1κ, (3)
where Ne is the number of electrons in the 2DEG. Indeed,
after some algebra resumed in App. A 1, the current den-
sity operator Jˆ = − em?
∑
i
(
pˆi + eAˆi
)
can be expressed
in terms of such collective operator, namely:
Jˆx = −
√
~ωcycNee2
2m?
[
i
(
bˆ− bˆ†
)
+ 2Ω
ωcyc
(
aˆ+ aˆ†
)]
,
Jˆy = −
√
~ωcycNee2
2m?
(
bˆ+ bˆ†
)
. (4)
The collective excitation operator bˆ† is a ‘bright’ opera-
tor, because the light-matter interaction (1) can be recast
in terms of such operator and the photon operators:
Hˆlm = ~ωcav aˆ†aˆ+ Hˆe + HˆI + HˆD, (5)
where Hˆe = ~ωcyc
∑
nκ n cˆ
†
nκcˆnκ is the bare electron con-
tribution. The light-matter coupling HˆI reads
HˆI = i ~Ω(aˆ+ aˆ†)(bˆ− bˆ†), (6)
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FIG. 1. (a): sketch of a cavity-embedded 2D electron gas
in presence of a perpendicular magnetic field B. The cavity
photon mode is assumed to have an electric field ~ecav along
the x direction. (b): cavity polariton frequencies as a function
of the applied magnetic field. Dot-dashed lines are for the
the bare cavity (blue) and cyclotron (red) frequencies. For
B = Bres one has ωcyc(Bres) = ωcav. (c): collective polariton
Rabi frequency for ΩB=Bres = 0.2ωcav.
while the diamagnetic energy term HˆD is given by
HˆD = ~Ω
2
ωcyc
(aˆ+ aˆ†)2. (7)
Both HˆI and HˆD depend on Ω, the collective polariton
Rabi frequency, defined as
~Ω = eA0
√
Ne ~ωcyc2m? . (8)
For non-integer filling factors ν = Ne/Ndeg, the bare
many-body ground state of Hˆe is degenerate. We call n¯
the quantum number of the Landau level partially filled
by Nn¯ electrons, i.e., ν = n¯+Nn¯/Ndeg. The generic bare
ground state of ~ωcav aˆ†aˆ+ Hˆe is
|FS, ζ〉 =
∏
n<n¯
∏
κ
cˆ†nκ
∏
κ∈{κ¯}ζ
cˆ†n¯κ |vac〉 , (9)
where |vac〉 is the electron and photon vacuum. The
degeneracy of the Fermi sea is equal to the number of dis-
tinguishable permutations for theNn¯ electrons in theNdeg
possible states. The set {κ¯}ζ in Eq. (9) corresponds to the
ζ-th permutation. For each ζ, we can identify a bright-
excitation sector, spanned by the states aˆ†mbˆ†s |FS, ζ〉
(m, s ∈ N). In the thermodynamic limit (Ne  1), the
bright excitation operator bˆ† behaves as a bosonic opera-
tor. Hence, within the considered bright-excitation sector,
Hˆe can be replaced by the effective bosonic Hamiltonian
Hˆe → EFS + ~ωcyc bˆ†bˆ, where EFS is the energy of the
Fermi sea. We emphasize that the light-matter interaction
does not couple bright sectors originating from different
Fermi seas (i.e., having ζ ′ 6= ζ). Hence, Hˆlm (5) can be
block-diagonalized with one block for each ζ.
3B. Linear-response dc conductivity
To determine the linear response of the 2DEG under
the action of a dc electric bias, we follow a Kubo approach
[28]. Knowing the manybody eigenstates |ξ〉 and energies
Eξ, the dc magnetoconductivity reads:
σdcij = i
∑
ξ 6=ξ′
e−βEξ′ − e−βEξ
AZ(Eξ − Eξ′)
〈ξ|Jˆj |ξ′〉〈ξ′|Jˆi|ξ〉
(ωξ − ωξ′) + i/τξξ′ , (10)
where i, j ∈ {x, y} and β = 1/(kBT ) is the inverse ther-
mal energy. Importantly, the current operator Jˆ in Eq. (4)
depends only on the collective bright operators and the
photon operators. Hence, in order to investigate the
effects of the light-matter coupling on the magnetocon-
ductivity, we can restrict our treatment to the bright
sector, where the Hamiltonian Hˆlm (5) can be exactly di-
agonalized through a Hopfield-Bogoliubov transformation
[14, 29, 30]:
Hˆlm = EGS + ~ωLP pˆ†LP pˆLP + ~ωUP pˆ†UP pˆUP , (11)
where EGS is the ground-state energy, while ωLP (ωUP )
is the frequency of the lower (upper) polariton exci-
tation, whose bosonic creation operator is pˆ†LP (pˆ
†
UP ).
Each ground state is now a polariton vacuum, such that
pˆLP |GS, ζ〉 = 0 = pˆUP |GS, ζ〉, and the degeneracy is not
changed by the light-matter interaction. The polariton
operators are given by pˆr = wraˆ+ xr bˆ+ yraˆ† + zr bˆ† with
r ∈ {LP,UP}. The vector ~vr = (wr, xr, yr, zr)T satisfies
the eigenvalue equation M~vr = ωr~vr, where
M =
ωcav + 2D −iΩ −2D −iΩiΩ ωcyc −iΩ 02D −iΩ −ωcav − 2D −iΩ
−iΩ 0 iΩ −ωcyc
 , (12)
being D = Ω2/ωcyc due to the diamagnetic term (7).
The Hopfield-Bogoliubov coefficients satisfy the normal-
ization condition |wr|2 + |xr|2 − |yr|2 − |zr|2 = 1. The
anomalous coefficients yr and zr are different from zero
due to the anti-resonant (non-rotating-wave) terms of
the light-matter interaction, which become significant
in the ultrastrong coupling regime [30]. The electronic
(photonic) weight of the polariton mode r is We,r =
|xr|2 − |zr|2 (Wp,r = |wr|2 − |yr|2). It can be shown that
We,r +Wp,r = 1 and
∑
rWe,r =
∑
rWp,r = 1. A typical
polaritonic dispersion [31] is plotted in Fig. 1(b). As
shown in App. A 2, it is possible to rewrite the current
operators (4) in terms of polariton operators as
Jˆx =−
√
~ωcyce2Ne
2m?
∑
r
iωr
ωcyc
[
(xr − zr)∗ pˆr −H.c.
]
,
Jˆy =−
√
~ωcyce2Ne
2m?
∑
r
[
(xr − zr)∗ pˆr + H.c.
]
. (13)
In the low-temperature limit (β → +∞), the expres-
sion (10) for the magnetoconductivity can be simplified
Jˆi
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<latexit sha1_base64="gSySaZlpoAE8FkAYCn6sUvZZ8Qc=">AAACzHicjVHLSsNAFD2Nr/quu nQTLIKrkoigy6IbcSEV7EPaUpLptB2aF8lEKKFbf8Ctfpf4B/oX3hlTUIvohCRnzr3nzNx73cgTibSs14KxsLi0vFJcXVvf2NzaLu3sNpIwjRmvs9AL45brJNwTAa9LIT3eimLu+K7Hm+74QsWb9zxORBj cyknEu74zDMRAMEcSddcZOTK7mvZEr1S2KpZe5jywc1BGvmph6QUd9BGCIYUPjgCSsAcHCT1t2LAQEddFRlxMSOg4xxRrpE0pi1OGQ+yYvkPatXM2oL3yTLSa0SkevTEpTRySJqS8mLA6zdTxVDsr9jfvT Huqu03o7+ZePrESI2L/0s0y/6tTtUgMcKZrEFRTpBlVHctdUt0VdXPzS1WSHCLiFO5TPCbMtHLWZ1NrEl276q2j4286U7Fqz/LcFO/qljRg++c450HjuGJbFfvmpFw9z0ddxD4OcETzPEUVl6ihTt4+HvG EZ+PakEZmTD9TjUKu2cO3ZTx8AC5gkvg=</latexit><latexit sha1_base64="gSySaZlpoAE8FkAYCn6sUvZZ8Qc=">AAACzHicjVHLSsNAFD2Nr/quu nQTLIKrkoigy6IbcSEV7EPaUpLptB2aF8lEKKFbf8Ctfpf4B/oX3hlTUIvohCRnzr3nzNx73cgTibSs14KxsLi0vFJcXVvf2NzaLu3sNpIwjRmvs9AL45brJNwTAa9LIT3eimLu+K7Hm+74QsWb9zxORBj cyknEu74zDMRAMEcSddcZOTK7mvZEr1S2KpZe5jywc1BGvmph6QUd9BGCIYUPjgCSsAcHCT1t2LAQEddFRlxMSOg4xxRrpE0pi1OGQ+yYvkPatXM2oL3yTLSa0SkevTEpTRySJqS8mLA6zdTxVDsr9jfvT Huqu03o7+ZePrESI2L/0s0y/6tTtUgMcKZrEFRTpBlVHctdUt0VdXPzS1WSHCLiFO5TPCbMtHLWZ1NrEl276q2j4286U7Fqz/LcFO/qljRg++c450HjuGJbFfvmpFw9z0ddxD4OcETzPEUVl6ihTt4+HvG EZ+PakEZmTD9TjUKu2cO3ZTx8AC5gkvg=</latexit><latexit sha1_base64="gSySaZlpoAE8FkAYCn6sUvZZ8Qc=">AAACzHicjVHLSsNAFD2Nr/quu nQTLIKrkoigy6IbcSEV7EPaUpLptB2aF8lEKKFbf8Ctfpf4B/oX3hlTUIvohCRnzr3nzNx73cgTibSs14KxsLi0vFJcXVvf2NzaLu3sNpIwjRmvs9AL45brJNwTAa9LIT3eimLu+K7Hm+74QsWb9zxORBj cyknEu74zDMRAMEcSddcZOTK7mvZEr1S2KpZe5jywc1BGvmph6QUd9BGCIYUPjgCSsAcHCT1t2LAQEddFRlxMSOg4xxRrpE0pi1OGQ+yYvkPatXM2oL3yTLSa0SkevTEpTRySJqS8mLA6zdTxVDsr9jfvT Huqu03o7+ZePrESI2L/0s0y/6tTtUgMcKZrEFRTpBlVHctdUt0VdXPzS1WSHCLiFO5TPCbMtHLWZ1NrEl276q2j4286U7Fqz/LcFO/qljRg++c450HjuGJbFfvmpFw9z0ddxD4OcETzPEUVl6ihTt4+HvG EZ+PakEZmTD9TjUKu2cO3ZTx8AC5gkvg=</latexit><latexit sha1_base64="gSySaZlpoAE8FkAYCn6sUvZZ8Qc=">AAACzHicjVHLSsNAFD2Nr/quu nQTLIKrkoigy6IbcSEV7EPaUpLptB2aF8lEKKFbf8Ctfpf4B/oX3hlTUIvohCRnzr3nzNx73cgTibSs14KxsLi0vFJcXVvf2NzaLu3sNpIwjRmvs9AL45brJNwTAa9LIT3eimLu+K7Hm+74QsWb9zxORBj cyknEu74zDMRAMEcSddcZOTK7mvZEr1S2KpZe5jywc1BGvmph6QUd9BGCIYUPjgCSsAcHCT1t2LAQEddFRlxMSOg4xxRrpE0pi1OGQ+yYvkPatXM2oL3yTLSa0SkevTEpTRySJqS8mLA6zdTxVDsr9jfvT Huqu03o7+ZePrESI2L/0s0y/6tTtUgMcKZrEFRTpBlVHctdUt0VdXPzS1WSHCLiFO5TPCbMtHLWZ1NrEl276q2j4286U7Fqz/LcFO/qljRg++c450HjuGJbFfvmpFw9z0ddxD4OcETzPEUVl6ihTt4+HvG EZ+PakEZmTD9TjUKu2cO3ZTx8AC5gkvg=</latexit>
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<latexit sha1_base64="a9vIMo7sc08TLPw8kT6i66hh7Sc=">AAACzHicjVHLSsNAFD2Nr1pfVZdugkV wVRIRdFl0Iy6kgn1IW8oknbaxeTGZCKV06w+41e8S/0D/wjtjCmoRnZDkzLn3nJl7rxP7XiIt6zVnLCwuLa/kVwtr6xubW8XtnXoSpcLlNTfyI9F0WMJ9L+Q16UmfN2PBWeD4vOGMzlW8cc9F4kXhjRzHvBOwQej1PZdJ om7bQyYnl9PuXbdYssqWXuY8sDNQQraqUfEFbfQQwUWKABwhJGEfDAk9LdiwEBPXwYQ4QcjTcY4pCqRNKYtTBiN2RN8B7VoZG9JeeSZa7dIpPr2ClCYOSBNRniCsTjN1PNXOiv3Ne6I91d3G9Hcyr4BYiSGxf+lmmf/VqV ok+jjVNXhUU6wZVZ2buaS6K+rm5peqJDnExCnco7gg7GrlrM+m1iS6dtVbpuNvOlOxau9muSne1S1pwPbPcc6D+lHZtsr29XGpcpaNOo897OOQ5nmCCi5QRY28AzziCc/GlSGNiTH9TDVymWYX35bx8AEwwJL5</latex it><latexit sha1_base64="a9vIMo7sc08TLPw8kT6i66hh7Sc=">AAACzHicjVHLSsNAFD2Nr1pfVZdugkV wVRIRdFl0Iy6kgn1IW8oknbaxeTGZCKV06w+41e8S/0D/wjtjCmoRnZDkzLn3nJl7rxP7XiIt6zVnLCwuLa/kVwtr6xubW8XtnXoSpcLlNTfyI9F0WMJ9L+Q16UmfN2PBWeD4vOGMzlW8cc9F4kXhjRzHvBOwQej1PZdJ om7bQyYnl9PuXbdYssqWXuY8sDNQQraqUfEFbfQQwUWKABwhJGEfDAk9LdiwEBPXwYQ4QcjTcY4pCqRNKYtTBiN2RN8B7VoZG9JeeSZa7dIpPr2ClCYOSBNRniCsTjN1PNXOiv3Ne6I91d3G9Hcyr4BYiSGxf+lmmf/VqV ok+jjVNXhUU6wZVZ2buaS6K+rm5peqJDnExCnco7gg7GrlrM+m1iS6dtVbpuNvOlOxau9muSne1S1pwPbPcc6D+lHZtsr29XGpcpaNOo897OOQ5nmCCi5QRY28AzziCc/GlSGNiTH9TDVymWYX35bx8AEwwJL5</latex it><latexit sha1_base64="a9vIMo7sc08TLPw8kT6i66hh7Sc=">AAACzHicjVHLSsNAFD2Nr1pfVZdugkV wVRIRdFl0Iy6kgn1IW8oknbaxeTGZCKV06w+41e8S/0D/wjtjCmoRnZDkzLn3nJl7rxP7XiIt6zVnLCwuLa/kVwtr6xubW8XtnXoSpcLlNTfyI9F0WMJ9L+Q16UmfN2PBWeD4vOGMzlW8cc9F4kXhjRzHvBOwQej1PZdJ om7bQyYnl9PuXbdYssqWXuY8sDNQQraqUfEFbfQQwUWKABwhJGEfDAk9LdiwEBPXwYQ4QcjTcY4pCqRNKYtTBiN2RN8B7VoZG9JeeSZa7dIpPr2ClCYOSBNRniCsTjN1PNXOiv3Ne6I91d3G9Hcyr4BYiSGxf+lmmf/VqV ok+jjVNXhUU6wZVZ2buaS6K+rm5peqJDnExCnco7gg7GrlrM+m1iS6dtVbpuNvOlOxau9muSne1S1pwPbPcc6D+lHZtsr29XGpcpaNOo897OOQ5nmCCi5QRY28AzziCc/GlSGNiTH9TDVymWYX35bx8AEwwJL5</latex it><latexit sha1_base64="a9vIMo7sc08TLPw8kT6i66hh7Sc=">AAACzHicjVHLSsNAFD2Nr1pfVZdugkV wVRIRdFl0Iy6kgn1IW8oknbaxeTGZCKV06w+41e8S/0D/wjtjCmoRnZDkzLn3nJl7rxP7XiIt6zVnLCwuLa/kVwtr6xubW8XtnXoSpcLlNTfyI9F0WMJ9L+Q16UmfN2PBWeD4vOGMzlW8cc9F4kXhjRzHvBOwQej1PZdJ om7bQyYnl9PuXbdYssqWXuY8sDNQQraqUfEFbfQQwUWKABwhJGEfDAk9LdiwEBPXwYQ4QcjTcY4pCqRNKYtTBiN2RN8B7VoZG9JeeSZa7dIpPr2ClCYOSBNRniCsTjN1PNXOiv3Ne6I91d3G9Hcyr4BYiSGxf+lmmf/VqV ok+jjVNXhUU6wZVZ2buaS6K+rm5peqJDnExCnco7gg7GrlrM+m1iS6dtVbpuNvOlOxau9muSne1S1pwPbPcc6D+lHZtsr29XGpcpaNOo897OOQ5nmCCi5QRY28AzziCc/GlSGNiTH9TDVymWYX35bx8AEwwJL5</latex it>
8>>><>>>:
<latexit sha1_base64="WEezmT+gEvwDssjQvMgOJE4wsqY=">AAAC6nicjVHLSsNAFD3GV62vqks3wSK4KokIuiy6cVnBPqAtJZmOdWiahGQilNIvcOdO3PoDbvVDxD/Qv/DOOIV qEZ1kkjPn3nNm7lw/DkQqHedtzppfWFxazq3kV9fWNzYLW9u1NMoSxqssCqKk4XspD0TIq1LIgDfihHsDP+B1v3+m4vUbnqQiCi/lMObtgdcLxZVgniSqU9hv+bwnwhEjj3Scb7WmXh52Dd8pFJ2So4c9C1wDijCjEhVe0UIXERgyDMARQhIO4CGlpwkXDmLi2hgRlxASOs4xRp60GWVxyvCI7dO3R6umYUNaK89UqxntEtBMSGljnzQR5SWE1W62jmfaWbG/eY+0pzrbkP6+8 RoQK3FN7F+6SeZ/daoWiSuc6BoE1RRrRlXHjEumb0Wd3J6qSpJDTJzCXYonhJlWTu7Z1ppU167u1tPxd52pWLVmJjfDhzolNdj92c5ZUDssuU7JvTgqlk9Nq3PYxR4OqJ/HKOMcFVTJ+xZPeMaLFVh31r318JVqzRnNDr4N6/ETNDCdsg==</latexit><latexit sha1_base64="WEezmT+gEvwDssjQvMgOJE4wsqY=">AAAC6nicjVHLSsNAFD3GV62vqks3wSK4KokIuiy6cVnBPqAtJZmOdWiahGQilNIvcOdO3PoDbvVDxD/Qv/DOOIV qEZ1kkjPn3nNm7lw/DkQqHedtzppfWFxazq3kV9fWNzYLW9u1NMoSxqssCqKk4XspD0TIq1LIgDfihHsDP+B1v3+m4vUbnqQiCi/lMObtgdcLxZVgniSqU9hv+bwnwhEjj3Scb7WmXh52Dd8pFJ2So4c9C1wDijCjEhVe0UIXERgyDMARQhIO4CGlpwkXDmLi2hgRlxASOs4xRp60GWVxyvCI7dO3R6umYUNaK89UqxntEtBMSGljnzQR5SWE1W62jmfaWbG/eY+0pzrbkP6+8 RoQK3FN7F+6SeZ/daoWiSuc6BoE1RRrRlXHjEumb0Wd3J6qSpJDTJzCXYonhJlWTu7Z1ppU167u1tPxd52pWLVmJjfDhzolNdj92c5ZUDssuU7JvTgqlk9Nq3PYxR4OqJ/HKOMcFVTJ+xZPeMaLFVh31r318JVqzRnNDr4N6/ETNDCdsg==</latexit><latexit sha1_base64="WEezmT+gEvwDssjQvMgOJE4wsqY=">AAAC6nicjVHLSsNAFD3GV62vqks3wSK4KokIuiy6cVnBPqAtJZmOdWiahGQilNIvcOdO3PoDbvVDxD/Qv/DOOIV qEZ1kkjPn3nNm7lw/DkQqHedtzppfWFxazq3kV9fWNzYLW9u1NMoSxqssCqKk4XspD0TIq1LIgDfihHsDP+B1v3+m4vUbnqQiCi/lMObtgdcLxZVgniSqU9hv+bwnwhEjj3Scb7WmXh52Dd8pFJ2So4c9C1wDijCjEhVe0UIXERgyDMARQhIO4CGlpwkXDmLi2hgRlxASOs4xRp60GWVxyvCI7dO3R6umYUNaK89UqxntEtBMSGljnzQR5SWE1W62jmfaWbG/eY+0pzrbkP6+8 RoQK3FN7F+6SeZ/daoWiSuc6BoE1RRrRlXHjEumb0Wd3J6qSpJDTJzCXYonhJlWTu7Z1ppU167u1tPxd52pWLVmJjfDhzolNdj92c5ZUDssuU7JvTgqlk9Nq3PYxR4OqJ/HKOMcFVTJ+xZPeMaLFVh31r318JVqzRnNDr4N6/ETNDCdsg==</latexit><latexit sha1_base64="WEezmT+gEvwDssjQvMgOJE4wsqY=">AAAC6nicjVHLSsNAFD3GV62vqks3wSK4KokIuiy6cVnBPqAtJZmOdWiahGQilNIvcOdO3PoDbvVDxD/Qv/DOOIV qEZ1kkjPn3nNm7lw/DkQqHedtzppfWFxazq3kV9fWNzYLW9u1NMoSxqssCqKk4XspD0TIq1LIgDfihHsDP+B1v3+m4vUbnqQiCi/lMObtgdcLxZVgniSqU9hv+bwnwhEjj3Scb7WmXh52Dd8pFJ2So4c9C1wDijCjEhVe0UIXERgyDMARQhIO4CGlpwkXDmLi2hgRlxASOs4xRp60GWVxyvCI7dO3R6umYUNaK89UqxntEtBMSGljnzQR5SWE1W62jmfaWbG/eY+0pzrbkP6+8 RoQK3FN7F+6SeZ/daoWiSuc6BoE1RRrRlXHjEumb0Wd3J6qSpJDTJzCXYonhJlWTu7Z1ppU167u1tPxd52pWLVmJjfDhzolNdj92c5ZUDssuU7JvTgqlk9Nq3PYxR4OqJ/HKOMcFVTJ+xZPeMaLFVh31r318JVqzRnNDr4N6/ETNDCdsg==</latexit>
|UP, ⇣i
<latexit sha1_base64="2XcDHNzqySECAZQkZz1fxdn1ujs=">AAAC2HicjVHLSsNAFD2N7/qqunQTLYIL CZNY0KXoxmUF+8BWZBLHGkyTMJkI9QHuxK0/4Fa/SPwD/QvvjCnoQnRCkjvnnnNm7r1+GoWZYuytZI2Mjo1PTE6Vp2dm5+YrC4vNLMllIBpBEiWy7fNMRGEsGipUkWinUvC+H4mWf7Gn861LIbMwiQ/VIBXHfd6Lw7Mw4Iq gk8rSTaO7Ut+wu1dC8a7kcS8SJ5Uqc5i37XnMZo63yWrMpaDm1Ty2ZbsOM6uKYtWTyiu6OEWCADn6EIihKI7AkdHTgQuGlLBjXBMmKQpNXuAWZdLmxBLE4IRe0LdHu06BxrTXnplRB3RKRK8kpY010iTEkxTr02yTz42zR n/zvjae+m4D+vuFV59QhXNC/9INmf/V6VoUzrBtagipptQgurqgcMlNV/TN7W9VKXJICdPxKeUlxYFRDvtsG01mate95Sb/bpga1fug4Ob40LekAQ+naP8eND3HZY57UKvu7BajnsQyVrFO89zCDvZRR4O8B3jCM16sI+vO urcevqhWqdAs4ceyHj8BUoWW5A==</latexit><latexit sha1_base64="2XcDHNzqySECAZQkZz1fxdn1ujs=">AAAC2HicjVHLSsNAFD2N7/qqunQTLYIL CZNY0KXoxmUF+8BWZBLHGkyTMJkI9QHuxK0/4Fa/SPwD/QvvjCnoQnRCkjvnnnNm7r1+GoWZYuytZI2Mjo1PTE6Vp2dm5+YrC4vNLMllIBpBEiWy7fNMRGEsGipUkWinUvC+H4mWf7Gn861LIbMwiQ/VIBXHfd6Lw7Mw4Iq gk8rSTaO7Ut+wu1dC8a7kcS8SJ5Uqc5i37XnMZo63yWrMpaDm1Ty2ZbsOM6uKYtWTyiu6OEWCADn6EIihKI7AkdHTgQuGlLBjXBMmKQpNXuAWZdLmxBLE4IRe0LdHu06BxrTXnplRB3RKRK8kpY010iTEkxTr02yTz42zR n/zvjae+m4D+vuFV59QhXNC/9INmf/V6VoUzrBtagipptQgurqgcMlNV/TN7W9VKXJICdPxKeUlxYFRDvtsG01mate95Sb/bpga1fug4Ob40LekAQ+naP8eND3HZY57UKvu7BajnsQyVrFO89zCDvZRR4O8B3jCM16sI+vO urcevqhWqdAs4ceyHj8BUoWW5A==</latexit><latexit sha1_base64="2XcDHNzqySECAZQkZz1fxdn1ujs=">AAAC2HicjVHLSsNAFD2N7/qqunQTLYIL CZNY0KXoxmUF+8BWZBLHGkyTMJkI9QHuxK0/4Fa/SPwD/QvvjCnoQnRCkjvnnnNm7r1+GoWZYuytZI2Mjo1PTE6Vp2dm5+YrC4vNLMllIBpBEiWy7fNMRGEsGipUkWinUvC+H4mWf7Gn861LIbMwiQ/VIBXHfd6Lw7Mw4Iq gk8rSTaO7Ut+wu1dC8a7kcS8SJ5Uqc5i37XnMZo63yWrMpaDm1Ty2ZbsOM6uKYtWTyiu6OEWCADn6EIihKI7AkdHTgQuGlLBjXBMmKQpNXuAWZdLmxBLE4IRe0LdHu06BxrTXnplRB3RKRK8kpY010iTEkxTr02yTz42zR n/zvjae+m4D+vuFV59QhXNC/9INmf/V6VoUzrBtagipptQgurqgcMlNV/TN7W9VKXJICdPxKeUlxYFRDvtsG01mate95Sb/bpga1fug4Ob40LekAQ+naP8eND3HZY57UKvu7BajnsQyVrFO89zCDvZRR4O8B3jCM16sI+vO urcevqhWqdAs4ceyHj8BUoWW5A==</latexit><latexit sha1_base64="2XcDHNzqySECAZQkZz1fxdn1ujs=">AAAC2HicjVHLSsNAFD2N7/qqunQTLYIL CZNY0KXoxmUF+8BWZBLHGkyTMJkI9QHuxK0/4Fa/SPwD/QvvjCnoQnRCkjvnnnNm7r1+GoWZYuytZI2Mjo1PTE6Vp2dm5+YrC4vNLMllIBpBEiWy7fNMRGEsGipUkWinUvC+H4mWf7Gn861LIbMwiQ/VIBXHfd6Lw7Mw4Iq gk8rSTaO7Ut+wu1dC8a7kcS8SJ5Uqc5i37XnMZo63yWrMpaDm1Ty2ZbsOM6uKYtWTyiu6OEWCADn6EIihKI7AkdHTgQuGlLBjXBMmKQpNXuAWZdLmxBLE4IRe0LdHu06BxrTXnplRB3RKRK8kpY010iTEkxTr02yTz42zR n/zvjae+m4D+vuFV59QhXNC/9INmf/V6VoUzrBtagipptQgurqgcMlNV/TN7W9VKXJICdPxKeUlxYFRDvtsG01mate95Sb/bpga1fug4Ob40LekAQ+naP8eND3HZY57UKvu7BajnsQyVrFO89zCDvZRR4O8B3jCM16sI+vO urcevqhWqdAs4ceyHj8BUoWW5A==</latexit>
|LP, ⇣i
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FIG. 2. Sketch depicting the role of virtual polaritons in con-
trolling the dc conductivity. The low-temperature dc conduc-
tivity depends on the matrix elements of the current operator
between the ground state and excited states. The spatial
components of the current operator (13) couple the manybody
ground state |GS, ζ〉 only to the one-polariton states |LP, ζ〉
and |UP, ζ〉. The coupling to these virtual excited states de-
termines the ij component of σdc at T → 0. The dark states
(orthogonal to the bright states) give no contribution to the
current matrix elements.
since only for |ξ〉 = |GS, ζ〉 or |ξ′〉 = |GS, ζ〉 the contribu-
tion to the sum is nonzero. In other words, only matrix
elements of the current between the ground state and
an excited state matter. Moreover, another remarkable
simplification occurs as the only excited states coupled to
|GS, ζ〉 by the current operators (13) are the one-polariton
states |LP, ζ〉 = p†LP |GS, ζ〉 and |UP, ζ〉 = p†UP |GS, ζ〉,
as schematically represented in Fig. 2. In other words,
the dc conductivity depends on the polaritons, which act
as virtual excitations.
After some algebra, summarized in App. A 3, it possible
to obtain the analytic result of the dc conductivity:
σdc = nee
2
m?
∑
r
|xr − zr|2 τr
1 + (ωrτr)2
( ωr
ωcyc
−ωrτr
ωrτr
ωcyc
ωr
)
, (14)
where ne = Ne/A is the density of electrons. The resis-
tivity tensor ρdc can be obtained by inverting σdc.
The formula (14) shows that the dc bulk magnetocon-
ductivity tensor of the cavity-embedded 2DEG depends
on the cavity-induced change of the ground state (polari-
ton vacuum) and bright excited states (polaritons). Note
that the diagonal components are different, an asymmetry
due to the in-plane linear polarization of the cavity mode.
Another crucial ingredient is the transport scattering time
τr entering the Kubo conductivity. This can be written as
the sum of two contributions, depending on the electronic
and photonic weights as
1
τr
= We,r
τe
+ Wp,r
τp
, (15)
where τe is the electronic transport scattering time (typ-
ically due to disorder) and τp is a transport scattering
time due to environmental fluctuations affecting the cav-
ity mode (it can be much longer than the cavity photon
lifetime).
Note that for no cavity coupling (Ω = 0), we recover
4the standard Drude-like magnetoconductivity tensor [24]:
σdcΩ=0 =
nee
2
m?
τe
1 + (ωcycτe)2
(
1 −ωcycτe
ωcycτe 1
)
, (16)
and the magnetoresistivity tensor
ρdcΩ=0 =
m?
nee2
(
1/τe ωcyc
−ωcyc 1/τe
)
. (17)
In the regime of Shubnikov-de Haas (SdH) oscillations
and in the low-temperature limit, the electron transport
time depends on the single-particle density of states and
can be modeled as [23, 32]
1
τe
= 1
τ0
[
1− 2 exp
(
− pi
τqωcyc
)
cos (2piν)
]
, (18)
where τ0 is the Drude transport time at B = 0 and τq is
the so-called quantum lifetime.
III. DISCUSSION OF RESULTS
In Fig. 3, we plot the predictions of our theory for the
diagonal components [33] of the resistivity tensor as a
function of B. Different curves correspond to different
values of ΩB=Bres , the collective vacuum Rabi frequency
Ω for B = Bres such that ωcyc(Bres) = ωcav. Here we con-
sider τp  τe, i.e., the transport scattering time depends
only on the electronic weight of the excitations. The
dc longitudinal resistivity shows typical SdH oscillations,
but the envelope is significantly modified by the coupling
to the cavity mode. Panel 3(a) displays the results for
the diagonal resistivity along the x-direction (parallel to
the cavity-mode polarization). The main effect here is
an overall increase of the resistivity for decreasing mag-
netic field. Indeed, in the limit of low magnetic field, we
analytically derived (cf. App. A 4)
lim
B→0
ρdcxx
ρdcxx,Ω=0
= 1 + 4
(
ΩB=Bres
ωcav
)2
. (19)
Such enhancement becomes quantitatively important
in the ultrastrong light-matter coupling regime. For
ΩB=Bres = 0.5ωcav, the enhancement is exactly a fac-
tor 2, in agreement with the numerical plot in Fig. 3(a).
Note that such enhancement is already approached for
relatively large magnetic fields B/Bres ∼ 0.5.
Panel 3(b) displays the results for the diagonal resistiv-
ity perpendicular to the cavity mode polarization vector,
which has been measured in recent experiments [22] [34].
Overall, the amplitude of the oscillations is reduced and
around B = Bres the mean value of the resistivity is
suppressed, an effect which is due to the cavity-induced
change of the hybrid scattering times τr. However, for
B → 0 we retrieve the Ω = 0 behavior (17), that is the
standard Drude resistivity ρD = m?nee2τ0 for B = 0 and nocavity.
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FIG. 3. Diagonal components of the dc resistivity tensor
normalized to the Drude value ρD = m?nee2τ0 (no cavity cou-
pling, B = 0) vs the magnetic field B. The different curves
correspond to different values of the collective vacuum Rabi
frequency at resonance ΩB=Bres . Thicker lines correspond
to larger couplings (cf. legend). The black thin solid line
corresponds to the case with no cavity coupling (Ω = 0). Top
panel: longitudinal resistivity along the cavity mode polariza-
tion direction x. Bottom panel: longitudinal component along
the y-direction. Parameters: τ0ωcav = 100, τqωcav = 2, and
νB=Bres = 10, τp  τe.
In Fig. 4, we present our predictions for finite τp, taking
ΩB=Bres = 0.5ωcav. When τp > τ0, the phenomenology
is similar to Fig. 3 (τp  τ0). When τp = τ0, the SdH
oscillations become symmetric with respect to their mean
value. For τp < τ0 and relatively large B also the resistiv-
ity ρdcyy is increased. In the limit of low magnetic fields,
however, the phenomenology is robust with respect to the
ratio τp/τ0 for both longitudinal components of ρdc.
IV. CONCLUSIONS
In conclusion, we have derived an analytical theory
showing how the bulk magnetotransport of a 2DEG can
be strongly modified by the coupling to a cavity photon
mode with in-plane linear polarization. The results are
remarkable since strong modifications and anisotropy ap-
pear in the dc linear resistivity in a regime where no real
photons are injected nor created. An intriguing perspec-
tive is the study of the quantum Hall regime when the
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FIG. 4. Same as Fig. 3, but fixing ΩB=Bres = 0.5ωcav. Differ-
ent curves (and thicknesses) correspond to different values of
τp/τ0 (cf. legend). The black thin solid curve is the reference
for no cavity coupling (Ω = 0).
bulk is insulating and the transport is due to the edge
states. From a general point of view, our work shows that
the dc transport of cavity-embedded electronic systems
is controlled by virtual polariton excitations and that
the electronic properties of materials can be dramatically
controlled by the vacuum field of electromagnetic cavity
resonators.
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Appendix A: Details about the derivation
1. Many-body operators in second-quantization
In order to cast the Hamiltonian Hˆlm and current op-
erator Jˆ in second-quantized form, we have exploited
the orthogonality relations between the Landau levels
eigenfunctions
ψnκ(x, y) =
(√
pi 2nn!Ly`cyc
)−1/2 Hn(x− xκ
`cyc
)
exp
[
− (x− xκ)
2 + 2ixκy
2`2cyc
]
, (A1)
where Hn represents the n-th order Hermite polynomial
and xκ = −2piκ`2cyc/Ly is the orbit center position. Hence,
we have∑
i
pˆx,i = i
~
`cyc
√
Ne
2
(
bˆ− bˆ†
)
,
∑
i
(pˆx,i + eBxˆi) =
~
`cyc
√
Ne
2
(
bˆ+ bˆ†
)
, (A2)
from which one easily gets the form of Jˆx, Jˆy, HˆI given
in Eqs. (4) and (7).
2. On the Hopfield-Bogoliubov coefficients
To rewrite the current operators (4) in the form (13),
we first express bˆ and aˆ in terms of the polariton operators
pˆr via
aˆ =
∑
r
(
w∗r pˆr − yr pˆ†r
)
,
bˆ =
∑
r
(
x∗r pˆr − zr pˆ†r
)
. (A3)
Furthermore, we consider that, by definition, the eigenvec-
tor ~vr = (wr, xr, yr, zr)T satisfies ~vr = ωrM−1~vr. Hence,
inverting explicitly the matrix M given in Eq. (12), we
found the exact relation
ωcyc(xr + zr) + 2iΩ(wr − yr) = ωr(xr − zr), (A4)
which allows us to write both Jˆx and Jˆy in terms of the
electronic coefficients xr and zr only. With a similar
procedure, it is possible to obtain another useful relation,
namely
|xr − zr|2 = We,r ωr
ωcyc
. (A5)
3. On the linear dc conductivity
Let us start from Eq. (10) and consider the low-
temperature limit β → +∞. As discussed above, in
this regime only the terms with |ξ〉 , |ξ′〉 = |GS, ζ〉 give a
nonzero contribution to the sum, the others being sup-
pressed by the Boltzmann coefficients. After a simple
substitution, Eq. (10) can be cast in the form
6σdcij = i
e−βEGS
AZ
DGS∑
ζ=1
∑
r
1
~ωr
(
〈r, ζ|Jˆj |GS, ζ〉〈GS, ζ|Jˆi|r, ζ〉
ωr + i/τr
+ 〈GS, ζ|Jˆj |r, ζ〉〈r, ζ|Jˆi|GS, ζ〉−ωr + i/τr
)
, (A6)
where we used the fact that the current operators (13)
can only couple |GS, ζ〉 to the excited states |r, ζ〉. In
Eq. (A6), τr is the transport scattering time associated
to the polaritonic transition [Eq. (15)], while DGS is the
degeneracy of the manybody ground state, which is un-
altered with respect to that of the Fermi sea DFS. Due
to the form of the Jˆi operators, each ζ gives the same
contribution to σdcij . In the zero-temperature limit, this
multiplicity is regularized by the partition function, which
simply becomes Z β→+∞−−−−−→ DGSe−βEGS . This allows to
further simplify Eq. (A6) as
σdcij =
1
A
∑
r
τr
~ωr
(
Θ(r)ij
1− iωrτr + c.c.
)
= 1A
∑
r
2τr
~ωr
Re
[
Θ(r)ij
]
− ωrτr Im
[
Θ(r)ij
]
1 + (ωrτr)2
, (A7)
where we have introduced the quantities
Θ(r)ij = 〈GS, ζ|Jˆi|r, ζ〉〈r, ζ|Jˆj |GS, ζ〉 , (A8)
which do not depend on ζ and can be calculated exactly
via Eqs. (13). Some straightforward algebra finally gives
the form presented in Eq. (14).
4. Limit B → 0
To obtain the analytic result (19) for B → 0, we first
consider that, using relation (A5), the conductivity ten-
sor (14) can be cast as
σdc = nee
2
m?
∑
r
We,r
ωcyc
ωrτr
1 + (ωrτr)2
( ωr
ωcyc
−ωrτr
ωrτr
ωcyc
ωr
)
.
(A9)
In the B → 0 limit, the factor We,r in Eq. (14) will select
only the contribution coming from the lower polariton.
Correspondingly, for τp  τ0, Eqs. (15) and (18) imply
τLP → τ0. In this regime, the conductivity tensor (14)
can be easily inverted to give
ρdc
B→0−−−→ m?
nee2τ0
((
ωcyc
ωLP
)2
ωcycτ0
−ωcycτ0 1
)
. (A10)
The off-diagonal components and the diagonal one for
the direction perpendicular to the field polarization are
unchanged with respect to the noninteracting case (17).
On the contrary, the component along the field polariza-
tion depends on the ratio ωLP /ωcyc. As it can be seen in
Fig. 1(b), due to the light-matter interaction the slope
at which ωLP goes to zero is different than that for ωcyc.
More specifically, one has analytically(
ωLP
ωcyc
)2
= ω
2
cav
ω2cav + 4Ω2B=Bres
+O [B2] , (A11)
from which Eq. (19) follows. This change in slope of ωLP
is the counterpart of the opening of the so-called polariton
gap between the two polariton branches [14, 15].
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